Music played on a Malawian pango, a board zither, will be analysed by using concepts of probability theory and information theory. I have tried to make my analysis comprehensible to non-mathematicians. It is, however, impossible to translate all mathematical concepts into a few words which convey the same accuracy. So I had to compromise. The Conclusion of this article* gives the main results of my analysis without using mathematical formulae.
also Nurse: 1970) . The size and the number of strings of the pango or bangwe may vary.
The pango of Emmanuel Gondwe consisted of a 1 cm thick board that measured about 15 cm by 45 cm. Through the 7 holes in the top end and the 7 holes in the bottom end of the board one piece of strong steel wire (in the Southern Region of Malawi this wire was called " telephone wire" !) is wound so that 7 different strings are formed. The strings are lifted 3 to 4 mm from the board by one small bar of bamboo on the bottom end and 7 small pieces of bamboo on the top end. The tuning of the instrument is accomplished by putting these pieces of bamboo in the right position. The top end of the board is put into a calabash or a large tin for resonance. Some bottle tops are usually fixed on top of the calabash or tin in order to get a buzzing sound to accompany the playing. Emmanuel Gondwe's pango, however, did not have these bottle tops.
The string at the far left was not used by Emmanuel Gondwe. I have numbered the other strings from 1 to 6 going from right(the highest tone) to left (the lowest tone).
The player sits on the ground or on a stool and holds the calabash between his knees. One way of play ing the instrument is to pluck the strings with the thumb and forefinger of both hands. The other way is to mute some of the strings by putting the forefinger, the middle-finger and the ring-finger of the left hand on them and to strum with the forefinger of the right hand(see the picture). The left hand, which is used for muting the strings, has two positions only. In the first position the 2nd, 4th and 6th string are muted and in the second position the 1 st, 3 rd and 5 th string are muted. The thumb is kept up, in order not to touch the strings. The little finger is resting-on the board. In the first position two chords may be played by either strumming string 1 and string 3 (chord 1) or by strumming string 3 and 5 (chord 5). In the second position also two chords may be played by either strumming string 2 and string 4 (chord 2) or by strumming string 4 and string 6 (chord 4). The strumming is done consecutively from right to left to right, etc. The strumming is continuous: a chord is struck at every pulse.
The tuning of the strings was measured by a set of 54 tuning forks from 212 Hz, going up by 4 Hz to 424 Hz. The tuning of the strings on an arbitrary day was: * Pango of Emmanuel Gondwe* *Ed: F or a photograph of a somewhat similar instrument, see Wim van Zanten's article in Vol. 6, No. 1, 1980, p. 108. In the bottom row the interval between the strings is given in cents. The tuning of the instrument did vary from one day to the next. It seems that generally tuning may vary considerably. One day I myself tuned the bangwe. The tuning, which was quite accept able to Emmanuel Gondwe, was the following: string no. Emmanuel Gondwe played his music at a speed of about 360 pulses per minute. A t each pulse (time point) a chord may be struck or not. In the rare instances when no chord is being struck at a certain pulse (this only happens when the plucking technique is applied) I have indicated this in the transcriptions by a point. The same holds true for the melody tones.
There are 4 different chords: chord 1 : notes of strings 1 and 3, interval 312 cents chord 2: notes of strings 2 and 4, interval 299 cents chord 3: notes of strings 3 and 5, interval 381 cents chord 4: notes of strings 4 and 6, interval 473 cents.
For comparison: a minor third is 300 cents, a major third400 cents and a fourth 500 cents. For the second tuning the intervals between die strings are: chord 1: 330 cents, chord 2: 343 cents, chord 3: 355 cents and chord 4: 506 cents.
The chords are named after the higher note of the chord, because in this way the relation between the chord and the melody note comes out most clearly. In table 6 you can see that the melody note is usually the top note of the accompanying chord.
The tones used in the melody are the tones of the strings of thepango, indicated by 1, 2, 3,4, 5 and 6. In one song the higher octave of the notes 5 and 6 is also used; these notes will be indicated by 51 and 6'. It should be noted, however, that some melodies are sung falsetto and some are not. I do not differentiate between these two kinds of perfor mance. In my analysis I am not interested in the pitch of the tones, but rather in the melodic movement within one song.
You will find the transcriptions of the 10 songs that I have used for the analysis at the end of this paper. The music presented there gives the pattern for each song. This pattern is repeated many times, sometimes with singing, sometimes with whistling, and sometimes justpango playing. I have given some indications about the playing at the time of recording.
TH E CHAIN OF CHORDS
The pattern of the song " Chijungu" consists of 24 pulses; at each pulse (time point) a chord is struck. The chain of chords from the 1 st pulse to the 24th pulse is for this song 31111111123344 4 422343344 93 Note that we are not just looking for changes in the chords as done for instance by Tracey, 1970 and 1971 . If I would just write down the consecutive chord changes in the song " Chijungu" this would yield the array
3123423434
In this array of chords we cannot see how long a particular chord sounds. Such arrays I shall call sequences. I distinguish in this paper therefore a chain of chords from & sequence of chords. A chain of chords gives the chord being played at each pulse and it contains therefore information on how many pulses a particular chord is continuously sounding. My analysis is based on chains and not on sequences. In the section " Structural analysis" , however, I shall neglect the information on the duration of chords and consequently use the information on the sequences only.
Zero order approximation.
In what is called zero order approximation the number of time units a particular chord sounds is counted, Le. the frequencies of the chords are determined. If a chord is not being struck at a particular pulse, we can assume that the chord of the previous pulse is being heard. For the song " Chijungu" the frequency distribution is: For the 10 pango songs together the relative frequency will become an estimate of the probability that a particular chord will be produced at any arbitrary pulse in this kind of music. The frequencies and the estimated probabilities for these 10 songs together are: This set of probabilities gives us some information about the pango music. We can see, for instance, that the probability that chord 3 will sound at any arbitrary pulse is the greatest.
We have seen that in one of the tunings the intervals occurring in resp. the 1 st, 2nd, 3rd and 4th chord are 312 cents, 299 cents, 381 cents and 473 cents. Therefore the harmonies consist for 80% of intervals between 300 and 400 cents (" thirds" ; chords 1, 2 and J), and for 20% of intervals around 500 cents (" fourths" ; chord 4). This differs from what Davidson (1970) found for Zambia, and Tracey (1970) for Zimbabwe. In these cultural areas the fourth (fifth) seems to be predominant.
A measure for the uncertainty in the prediction of the chord that will be played at any arbitrary pulse t is given by the entropy H(T).l*l The entropy H(T), as I have defined it, is a real number between 0 and 1. If all the chords were equally probable, i.e. .25 in our case with 4 chords, then H(T) = 1 or the uncertainty in the prediction is maximal (see table 1, scheme 1).
If the probability of a particular chord is 1, and therefore the probability of the other chords 0, it is certain that this particular chord will be played at any arbitrary pulse. In this case the entropy equals 0 or the uncertainty in the prediction is minimal (table 1, scheme 4).
Below I have given the entropy for each of 4 probability schemes. Schemes 1,3 and 4 are imaginary and scheme 2 is the one found for the 10 pango songs. 
T a b le 1: 4 d iffe r e n t p r o b a b ility s c h e m e s a n d th e ir r e s p e c t iv e e n tr o p ie s
Scheme 1 represents a random prediction of chords with equal probabilities: .25. Scheme2 is the actual situation of the 10 pango songs; theentropy(.96) is very close to 1. Knowing the probabilities of the chords, therefore, does not remove much of the uncertainty in predicting a chord at an arbitrary pulse. In other words: knowledge of the probability distribution of the chords does not give us much idea about the character, the nature, or the structure of these 10 pango songs. Thus the zero order approximation is too crude.
First order approximation. The next step is to find out how much uncertainty will be removed in the prediction of a chord at any arbitrary pulse, when the chord played at the preceding pulse is known. This is called the first order approximation. All pairs of consecutive chords are investigated. For the song " Chijungu" , e.g., we get 31, 11, 11, 11, 11, 11 The last pair consists of the last chord of the pattern followed by the first chord, as the pattern of the song is repeated several times. The results for the song " Chijungu" , are summarized in the following frequency The matrix clearly shows that, e.g., chord 1 is never followed by chord 3 or 4. When chord 1 has been played, 7 out of 8 times it is followed by chord 1 again, and 1 out of 8 times it is followed by chord 2 .
For the 10 pango songs together one gets the frequency matrix given in Table 4 : matrix of transition probabilities (estimated) Table 4 yields the transition probabilities from one chord to the next. The probability that, e.g., chord 3 will be played at pulse t, given that chord 2 has been played at the previous pulse, (t-1), is estimated by the number of times chord 2 is O 1 followed by chord 3 divided by the number of times chord2 has been played, i. e. =
.32. In any row the sum of these probabilities equals 1. The matrix of transition probabilities expresses how likely it is that a particular chord is followed, in the next pulse, by each of the four chords. The probability that, e.g., chord 2 will be played depends on the preceding chord because the probabilities of the second column differ very much. The chord production, therefore, cannot be described as a random process: the,production of a chord at pulse t does depend on the production of a chord at pulse (t-l)f2l
How much uncertainty is there in the prediction of a chord at pulse t, when the chord being played at pulse t-1 is known? As a measure for this uncertainty I use the conditional entropy H (T /T -1). This quantity is the weighted sum of the row entropies, calculated from the matrix of transition probabilities given in table 4131. In this case it is found that H (T /T -l) = .6 1 ;th is is much closer to 0 (complete predictability) than the entropy of the zero order approximation H(T) = .96. The first order approximation, therefore, does indeed reduce the uncertainty: knowledge of the chord being played at pulse (t-1) reduces the uncertainty in the prediction of a chord at pulse t.
Second order approximation.
One could ask whether knowledge of the chord being played at pulse (t-2), in addition to knowledge of the chord being played at pulse (t-1), i.e. knowledge of the two previous chords, will reduce the uncertainty in the prediction of the chord at pulse t even more. In this case all the triplets of consecutive chords must be considered. In the song " Chijungu, " e.g., they are: , 111, Ill, 111, 111, 111, 111, 112, 123, 233, 334, 344, 444, 444, 442, 422, 223, 234, 343, 433, 334, 344, 443, 431 From the triplets for the 10 pango songs together a frequency table is constructed, and the 64 estimated conditional probabilities are calculated from therel4'. These probabilities are given in table 5. In the last row but one in table 5, for instance: suppose that chord 3 has been played at pulse (t-2) and suppose that chord 4 has been played at pulse (t-1) (these are the two conditions). The probability that these will be followed at pulse t by: chord 1 is equal to .00 chord 2 is equal to .03 chord 3 is equal to .37 chord 4 is equal to .60 So the consecutive chord triplet.? 4 1 does not occur in this music. If chords 3 and 4 have been played they most likely are followed by chord 4 (60%), less likely by chord 3 (37%) and rarely by chord 2 (3%).
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In table 5 the last column gives (he relative frequency P-of chord i at pulse (t-2) and chord j at pulse (t-1). These factors can be found from table 3 by dividing each frequency by 512. The probability of chord 2 atpulse(t-2) and chord 2 atpulse(t-l) is 31 for instance = -061. Table 5 : conditional probabilities of chord at pulse t when the chords at pulse (t-2) and pulse (t-1 ) are known
The measure for the uncertainty in the prediction of a chord at pulse t, given the chords that were played at pulse (t-1) and pulse (t-2), is the conditional entropy H (T/T-2, T-1). This conditional entropy is a weighted sum of the row entropies in the matrix of table 5. The weights are Py, given in the last column of this matrix. Calcula tions yield:
H (T/T-2, T-1) = .58
Comparison approximations.
It has been shown that zero order:
H(T/T-1) = .61 second order:
The first order approximation is an improvement on the zero order approximation, but the second order approximation is hardly an improvement on the first order approximation. The uncertainty in the prediction of a chord at pulse t is not sub stantially reduced, going from the first order approximation to the second order approximation. We may conclude, therefore, that the matrix o f transition pro babilities, given in table 4, describes the character o f the chord chains with almost the highest accuracy we can obtain by this method.
This matrix of transition probabilities enables one to compose -in a crude waychord chains in the style of the 10 pango songs!5). Composition of chord chains with the table of transition probabilities (and a table of random numbers) is in fact the construc tion of a Markov chain. In this production of the chain of chords the " memory" of the " composer" of the chords is restricted; he remembers only the chord that has been composed on the last pulse [6] . Of course I am here talking about a model of the music production and not about the actual productioa
SUNG MELODY
The notes being used for the sung melody are 561,2,3,4,5, and 6. A t each pulse a melody note is produced, with a very few exceptions in which only a chord is played on the pango. I shall analyse the melody as a chain of notes at the consecutive pulses in the same way as the chord chains have been analysed.
First I shall demonstrate how strong the association between melody note and chord is on the pango. The number of times that a particular chord and melody note sound at the same pulse t are given in 
T a b le 6 : fr e q u e n c y ta b le fo r s im u lta n e o u s ly s o u n d in g c h o r d a n d m e lo d y n o te
Using table 6 one can calculate the uncertainty in predicting the melody note at pulse t when the chord at that same pulse t is known. This is expressed by the conditional entropy H(m elody/ chord) = .35. Similarly one can calculate the uncertainty in predicting the chord at pulse t when the melody note at that same pulse t is known. This is expressed by the conditional entropy H( chord / melody) = .17. These two entropies are small, i.e. the association between chord and melody is strong.
For the chains of melody notes, the zero order, first order, and second order approximations are similar to the ones carried out for the chords. Below I give the uncertainty in predicting a melody note at pulse t, when no previous note is known( zero order approximation), when the melody note at pulse (t-1) is known (first order approximation), and when both the melody notes at pulse (t-1) and (t-2) are known (second order approximation): zero order approximation: H(T) = .82 first order approximation:
H(T/T-1) = .43 second order approximation:
H (T/T-1, T-2) = .38
Again one can conclude that the first order approximation is sufficient (i.e. almost the highest accuracy we can obtain by this method) to describe the essence of the melodic movement. The chain of melody notes is reasonably well described by a Markov chain. Table 7 shows the frequency matrix needed for a first order description of the melody. Table 7 : frequency matrix of transitions between melody notes at pulse (t-1) and pulse t Table 7 also demonstrates the following:
-there are 58 jumps to a higher note -there are 326 transitions to the same note -there are 106 jumps to a lower note. The total number of jumps to a higher note is 0.55 times the total number of transitions to a lower note. The jumps to a lower note are relatively small and the jumps to a higher note arejelatively large. This is also the case in music of some neighbouring areas: the melodic movement consists of a number of small jumps down and a smaller number of jumps, that are larger in size, up again (Davidson: 1970, p. 112; Tracey: 1971, p. 88) . For European music this ratio (the number of jumps to a higher note divided by the number of jumps to a lower note) has been found to be 0.91 for a set of 7 Dutch folk songs (van Zanten: 1975) and 0.90 for the recorded music of the Beatles (Van denBergh: 1976) . Van den Bergh also cites some ratios given by Merriam(1956) for a number of Latin American peoples: 0.71 (Ketu, Brazil), 0.82 (Gege, Brazil) and 0.86 (Rada, Trinidad).
In the last column of table 7 the row entropies have been written down for the cases in which the row totals are " sufficiently" large to get a fair estimation of the entropies. The uncertainty in the prediction of a melody note at pulse t is largest when note 4 has been sung at pulse (t-1). This uncertainty is the lowest when the note 1 or the note 2 has been produced at the previous pulse: it is fairly certain that from note 1 or from note 2 the melody will either move to the same note again, or go down to the next lower note.
STRUCTURAL ANALYSIS
By " structural analysis" I mean the analysis that is usually carried out on chord sequences to find out which are the most common patterns in chord alternations. I will now show how to derive a " structural analysis" of the chord sequences, starting from the frequency matrix given in table 3.
Here there is no further interest in knowing how many consecutive time-units a particular chord sounds. The area of concern is the changes to a different chord. This means replacing the chains of chords by sequences of chords. Therefore it is the matrix of table 3 which should be studied disregarding the diagonal frequencies. This new frequency matrix is given in table 8, first matrix. From this matrix, that records only the frequencies of changes to a different chord, the third matrix of table 8 is constructed. I call this the " matrix of frequent chord changes" . This 3rd matrix is constructed from the first one in table 8 by neglecting transitions occurring less than 15% of the time in the transitions within each row. If a transition occurs more than 15% of the time in all transitions within a row, an asterisk * replaces the number. From this " matrix of frequent chord changes" a few patterns of chord sequences can be derived that are characteristic for this pango music. When chord 1 has been played, the next chord will almost certainly be chord 2 . After chord 2 the most probable change will be to chord 3 . After chord 3 there are two highly probable chords: 1 and 4. Continuing this way yields the following most probable chord sequences:
For the melody one can similarly establish a few probable sequences :   1  2  3  4 5  3  1 2  3  4  3  4  4 2 3
In the sequence of notes 1 2 3 4 the first note may last for 3 time units, the second note for 2 time units, the third note for 3 time units and the fourth note for 4 time units, as in the beginning of the song" Nati nikwere" . This information is lost in the structural analysis: we do not know how many time units a particular note (or chord) lasts on the average. The matrices in tables 3 and 7 however, do contain this information.
CONCLUSION
I have given a quantitative analysis of Malawian pango songs. A quantitative approach seems worth trying, although the music analysed here is not very complicated and the Markov chain model rather crude.
My analysis has been an attempt to use certain analysing techniques and I have certainly not given a description of this pango music in terms of the musician's own concepts.
The pattern of each song has been described as a chain of sung melody notes with a parallel chain of chords played on the pango. It has been shown that the chord chains and the melody note chains can reasonably well be described as Markov chains. This means that for the prediction of the chord (melody note) to be played at pulse t it is enough to know the chord that has been played at the previous pulse, (t-1), only. The chords played before (t-1) need not be known.
If we accept the Markov chain model, all information about the structure of this music is contained in table 3 for the chords and table 7 for the melody!71. Table 6 shows clearly that there is a strong association between chord and melody. The top note of the chord very often coincides with the melody note: 381 of the 512 pulses.
The interval between the two notes of the chord is usually between 300 and 400 cents as 80% of the chords consists of chord 1 ,2 or 3 and only 20% of the chords consists of chord 4 (about 500 cents). This predominance of parallel" thirds" contrasts with the harmonies found in neighbouring areas such as Zambia(Davidson: 1970) and Rhodesia (Tracey: 1970) in which " fourths" in the harmonies seem to be predominant.
From table 3 I have derived that the most common chord sequences are i 2 3 ... ; 3 4 3 ... and 423... F rom table 7 it can be seen that the melody moves down in many small jumps and up again in much fewer, larger, jumps. The total number of jumps to a higher note is just over half the total number of jumps to a lower note in the melody. This means that there is a very strong downward trend of the melody compared to melodies in other musical areas (Van den Bergh: 1976; Van Zanten: 1975) . The most common sequences of melody notes are 1 2 3 4 5 ... ; 3 1 2 3 ... ;4 3 4 ... and 4 2 3....
NOTES
[1] see e.g. Khinchin: 1957 or Shannon and Weaver: 1949 . 1 shall use the following definition for H(T). Suppose the possible outcome of an experiment of chance is 1, 2, 3, n with respective probabilities P j , P j, P3, ..., P n then the entropy of the scheme is defined as
As we use base n for the logarithm, the maximum value of H(T) equals 1; this maximum is reached for P | = P2 -...
[2] Mathematically this can be expressed by the formula P j chord / at t / chord j at ( t-l) j ^ P j chord / at t j for U £ 13] The conditional entropy H (T /T -1) is defined in the following manner. Suppose the possible outcome of an experiment of chance is I, 2, 3, n with respective probabilities P j , P2 , P3.
Pn-Let lhe matrix of transition probabilities be givenby the conditional probabilities p jj= P 5 o u tc o m e /a tt/o u tc o m e /a t t-l> the conditional entropy is defined to be ' ' H(T/T-1) = fori = / ,..., n and j = /,..., n. Then
where Hj is the entropy of row i in the matrix of transition probabilities.
[4] I.e. the 64 conditional probabilities P jchord k at t / chord / at (t-2) and chord/ at ( t-l) j where i, j, k £ j 1, 2, 3, 4 j [5] As the music made use of only 4 different chords, the analysis could easily be carried out up to the second order approx imation. When there are more than 4 different chords this analysis becomes far more complicated. For example, 10 chords lead to the determination of 100 probabilities in the first order approximation and 1000 probabilities in the second order approximation.
[6] 1 did not prove that the chain of chords is a Markov chain. The choice of a chord at pulse t may be influenced by the chord played at pulse (t-1) and, in addition, the chord played at, for instance, pulse (t-6). In this case the " memory" of the composer would not be restricted to the last pulse or the last two pulses. In fact the real situation is much more com plicated than this model of a Markov chain: the memory of the composer is, indeed, not restricted to the last pulse or the last two pulses. Whether the Markov chain model holds, and therefore tables 3, 6 and 7 contain the essence of this music, could be checked by experiment A computer would have to compose songs using the information contained in these tables. These computer-made songs would then have to be played to people from this cultural area. They would have to judge whether the computer-made songs are of the same style as the songs played by Emmanuel Gondwe.
R E F E R E N C E S C IT E D

Bergh, Paul van den
Structuur en informatie, de Beatles als discrete informatiebron (Structure and information, the Beatles as a discrete source o f information) M a n u scrip t In stitu te for C u ltu ral A nthropology and N o n -W e ste rn Sociology, U n iv ersity o f L eiden, 1976.
Cox, D.R. and Miller, H.D.
The theory o f stochastic processes, rep rin t 1972, L ondon: C h a p m a n and H all, 1965. ----' ----------T : mka-la -mu za -Ii -ra ku mu chembo mka-la -mu za -li -ra (The lions are roaring in the chasms) Strumming; falsetto voice.
PANGO SONGS USED IN THE ANALYSIS
